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The structures, binding energies, and vibrational and electronic spectra of various isomers of
neutral and ionic phenol–Arn clusters with n r 4, PhOH(+)–Arn, are characterized by quantum
chemical calculations. The properties in the neutral and ionic ground electronic states (S0, D0) are
determined at the M06-2X/aug-cc-pVTZ level, whereas the S1 excited state of the neutral species
is investigated at the CC2/aug-cc-pVDZ level. The Ar complexation shifts calculated for the S1
origin and the adiabatic ionisation potential, DS1 and DIP, sensitively depend on the Ar positions
and thus the sequence of ﬁlling the ﬁrst Ar solvation shell. The calculated shifts conﬁrm empirical
additivity rules for DS1 established recently from experimental spectra and enable thus a ﬁrm
assignment of various S1 origins to their respective isomers. A similar additivity model is newly
developed for DIP using the M06-2X data. The isomer assignment is further conﬁrmed by
Franck–Condon simulations of the intermolecular vibrational structure of the S1’ S0
transitions. In neutral PhOH–Arn, dispersion dominates the attraction and p-bonding is more
stable than H-bonding. The solvation sequence of the most stable isomers is derived as (10), (11),
(30), and (31) for n r 4, where (km) denotes isomers with k and m Ar ligands binding above and
below the aromatic plane, respectively. The p interaction is somewhat stronger in the S1 state due
to enhanced dispersion forces. Similarly, the H-bond strength increases in S1 due to the enhanced
acidity of the OH proton. In the PhOH+–Arn cations, H-bonds are signiﬁcantly stronger than
p-bonds due to additional induction forces. Consequently, one favourable solvation sequence is
derived as (H00), (H10), (H20), and (H30) for n r 4, where (Hkm) denotes isomers with one
H-bound ligand and k and m p-bonded Ar ligands above and below the aromatic plane,
respectively. Another low-energy solvation motif for n = 2 is denoted (11)H and involves
nonlinear bifurcated H-bonding to both equivalent Ar atoms in a C2v structure in which the OH
group points toward the midpoint of an Ar2 dimer in a T-shaped fashion. This dimer core can
also be further solvated by p-bonded ligands leading to the solvation sequence (H00), (11)H,
(21)H, and (22) for n r 4. The implications of the ionisation-induced p- H switch in the
preferred interaction motif on the isomerisation and fragmentation processes of PhOH(+)–Arn are
discussed in the light of the new structural and energetic cluster parameters.
1. Introduction
Isolated clusters of phenol (PhOH) with rare gas (Rg) atoms
are suitable benchmark model systems to study the subtle
competition between diﬀerent intermolecular binding motifs
at the molecular level using sophisticated experimental and
theoretical techniques.1–5 The Rg atoms can either bind to the
acidic OH group via H-bonding (H-bond) or to the aromatic
p-electron system via dispersive stacking interactions (p-bond).
These binding motifs are frequently referred to as hydrophilic
and hydrophobic interactions, respectively.1,4,6 The preference
for a speciﬁc binding motif and the resulting interaction
strength depends sensitively on many parameters, such as
the electronic excitation and charge or protonation state, the
substitution of functional groups, the type of ligand, and the
size of the cluster.3–5,7–11 Neutral PhOH–Rg dimers prefer
p-bonding because dispersion dominates the attraction, whereas
PhOH+–Rg cations prefer H-bonding because the additional
charge-induced polarisation forces provide substantial further
stabilisation.12,13 This charge-induced p - H switch is a
general phenomenon for acidic aromatic molecules interacting
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with nonpolar ligands,4 and has been established for a variety
of aromatic molecules with acidic OH or NH functional
groups, including phenol,12–18 resorcinol,19 naphthol,20
aniline,21–23 indole,24 and imidazole.25
The present work characterizes the structures, binding
energies, and vibrational and electronic spectra of various
isomers of neutral and ionic PhOH(+)–Arn clusters with
n r 4 by quantum chemical calculations in three diﬀerent
electronic states, namely the neutral ground and ﬁrst excited
singlet states (S0, S1) and the cation ground state (D0). To this
end, we review the current knowledge on these systems
relevant for the present work. For this purpose, we employ
the following nomenclature for the various PhOH(+)–Arn
isomers (Fig. 1). Consistent with the previous notation,
(k|m) or (km) describes an isomer with n = k + m p-bound
ligands, in which k and m Ar atoms are located above and
below the aromatic plane, respectively. In the case of a single
additional H-bound ligand, the notation is extended to (Hkm).
A large number of spectroscopic3,7,26–33 and advanced
quantum chemical studies29,34–36 demonstrate that neutral
PhOH–Ar has a p-bonded (10) equilibrium structure in S0.
Fig. 2 reproduces the two-color resonance-enhanced two-photon
ionisation (REMPI) spectra of the S1’ S0 electronic transition
of PhOH–Arn for n = 0–4.
37 Hole-burning experiments show
that all bands observed in the n = 1 spectrum arise from a
single isomer, featuring an intense S1 origin band (0
0) with a
complexation-induced redshift of DS1 = 34 cm1 and minor
intermolecular excitation.31 Analysis of recent rotationally-
resolved laser-induced ﬂuorescence (LIF) spectra of the S10
0
band proves that this isomer has indeed a (10) structure.29 The
experimental dissociation energy derived for (10) from mass-
analyzed threshold ionisation (MATI), D0 = 364  13 cm1,
is consistent with the best theoretical value of 389 cm1
calculated at the CCSD(T)/CBS level.36 The H-bonded
(H00) isomer is predicted to be substantially less stable than
(10) and has not yet been detected experimentally. At the
present stage, it is unclear whether (H00) is a shallow local
minimum on the PhOH–Ar potential or a transition state
connecting the two global (10) minima via a barrier of the
order of 250 cm1.34,36 Other binding sites, such as H-bonding
to the CH groups are less stable and thus not considered
further.34,35
Similar to the n = 1 complex, hole-burning spectroscopy
reveals that the n= 2 REMPI spectrum in Fig. 2 is dominated
Fig. 1 (a) Structures of various isomers of PhOH–Arn in the S0 state calculated at the M06-2X/aug-cc-pVTZ level. (b) Structures of various
isomers of cationic PhOH+–Arn in the D0 state calculated at the M06-2X/aug-cc-pVTZ level.
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by a single isomer with an S1 origin at DS1 = 69 cm1,31
which was later ﬁrmly identiﬁed as the (11) isomer by
rotationally-resolved LIF spectroscopy.29 The total binding
energy of (11) for loss of both Ar ligands, extracted from its
MATI spectrum asB775 cm1, is about twice as large as that
of (10). This result is consistent with the almost additive DS1
redshifts arising from the nearly equivalent Ar atoms in (10)
and (11),29 and provides the basis for the additivity model.37,38
In contrast to the n = 1 complex, high-level ab initio calcula-
tions are lacking for n = 2. Calculations at moderate theore-
tical levels are however consistent with this assignment.29,31,39
Although spectra of the related benzene–Ar2 and aniline–Ar2
clusters exhibit also signiﬁcant signals from a less stable (20)
structure, this type of isomer has escaped identiﬁcation in the
PhOH–Ar2 spectra for a long time owing to its weak intensity
in most REMPI spectra. Only very recently, an empirical
additivity model developed for the DS1 shifts of PhOH–Arn
suggested a tentative assignment of the S1 origin of (20) to a
weak transition at DS1 = 2 cm1 (Fig. 2).37 This interpreta-
tion requires, however, further spectroscopic and/or quantum
chemical support.
Reliable information on the structures of the n=3 and n=4
clusters in S0 is not available, because high-resolution spectra
and detailed quantum chemical calculations are lacking. Only
vibrationally-resolved IR and UV spectra were reported,37,39,40
and the REMPI spectra are shown in Fig. 2.37 Photoionisation
eﬃciency (PIE) and photofragmentation studies of the
n = 3 complex demonstrate that all Ar ligands are p-bonded
in the isomer responsible for the intense S1 origin at
DS1 = +23 cm
1.41 Hole-burning spectra reveal that all
intense bands in these spectra are due to intermolecular
structure of this isomer.31 The interpretation of its geometry
has, however, been conﬂicting so far. Initial assignments
suggested a (21) structure,40,42 whereas the recent application
of the additivity model concluded a (30) structure.37 The latter
model also led to the new identiﬁcation of the weak S1 origin
of the (21) isomer at DS1 = 37 cm1.37 Again, both tentative
assignments call for further spectroscopic and/or quantum
chemical conﬁrmation. The n = 4 spectrum in Fig. 2 displays
an intense S1 origin at DS1 = 12 cm1, which according to
the additivity model was attributed to the (31) isomer,37 in
conﬂict with a recent interpretation as (40).39,43 The origin of
the broad background in the n= 4 spectrum is unclear. It may
arise from fragmentation of larger clusters (n Z 5) or spectral
congestion due to signals from other n = 4 isomers. During
the course of the present work, REMPI spectra of n = 5 and
n = 6 were reported, and weak peaks on top of a broad and
largely unstructured signal at DS1 = 20 and 44 cm1 were
interpreted as S1 origins of (50) and (60) isomers by comparison
with corresponding shifts of aniline–Arn, although calculations
suggested structures with solvation on both sides to be more
stable.39 This discrepancy was attributed to expansion conditions
favouring the production of PhOH–Arn clusters with single-
sided Ar solvation for the size range n Z 3.39
Due to the multiple binding sites for Ar to PhOH, the
number of possible low-energy isomers of PhOH–Arn
increases rapidly with n. Spectroscopy of PhOH–Arn in a cold
supersonic molecular beam at temperatures of T o 10 K
reveals, however, the presence of only a few isomers, at least in
the size range nr 3.29,31 The PhOH–Arn clusters produced in
the molecular beam are relatively rigid and thus solid-like. For
example, molecular dynamics simulations for the related
benzene–Ar2 complex illustrate that isomerisation processes
of the type (11)2 (20) via substantial barriers become only
relevant for T4 40 K (melting).44 As the binding energies and
potential barriers for Ar clusters interacting with PhOH and
benzene are of similar magnitude, the melting temperatures for
both cluster systems are expected to be similar, too. Interestingly,
the simulations reveal that at temperatures above melting and
below boiling (evaporation) the less stable (20) isomer of
benzene–Ar2 is more abundant than the more stable (11)
isomer due to entropy.44
Spectroscopic12,13,15 and theoretical studies12,14,35,45 show
that in the cationic D0 state the H-bonded (H00) structure is
the global minimum on the PhOH+–Ar potential and more
stable than the p-bonded (10) local minimum. The dissociation
energies of D0 E 900 and 535  3 cm1 measured for
(H00)41,46 and (10)47 are compatible with the interaction
energies of 946 and 595 cm1 obtained at the CCSD(T)/CBS
level, respectively.45 As ionisation of PhOH–Ar switches the
energetic order of the p and OH binding sites, all spectroscopic
techniques based on photoionisation of the neutral (10) global
minimum generated in the molecular beam initially prepare
only the (10) local minimum of the cation due to vertical
Franck–Condon (FC) transitions and provide thus mainly
spectroscopic information about this less stable isomer. In
contrast, electron ionisation (EI) generates predominantly the
most stable PhOH+–Arn isomers.
4,48 The IR spectra of these
Fig. 2 Two-color REMPI spectra of PhOH–Arn with nr 4 recorded
in the vicinity of the S1 origin of PhOH at 36 350 cm
1, which is set as
the reference frequency (DS1 = 0).
37 The S1 origins are indicated by
ﬁlled circles (Table 3).
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PhOH+–Arn clusters were interpreted with a solvation
sequence in which the initially formed (H00) dimer is further
solvated by n  1 p-bound ligands.13 However, the preferred
distribution of the p-bonded ligands above and below the
aromatic ring has remained unclear and is one of the topics in
the present study. The ionisation-induced p- H switch in the
most stable binding motif in PhOH(+)–Arn leads to interesting
photoionisation and photofragmentation energetics, which
were investigated in some detail for n = 2 and 3.41,46 These
experiments provide information about the dissociation
energies of the (11) and (30) clusters in all three considered
electronic states (D0, S1, S0) using appearance energies for
fragmentation in the D0 state and spectral DS1 and DIP shifts,
although the position of the p-bonded Ar atoms in n = 3 was
not speciﬁed. The p- H isomerisation processes triggered by
ionisation were recently characterized in real time by pico-
second time-resolved IR spectroscopy for the (11) isomer of
PhOH–Ar2,
6,32,49 the (30) isomer of PhOH–Ar3,
37 and the (10)
isomer of PhOH–Kr,50 demonstrating that the dynamical
behaviour strongly depends on the mass and number of the
Rg atoms, with respect to both the isomerisation mechanism
and the corresponding rate constants.
The present work aims at the quantum chemical character-
ization of the structures, binding energies, and vibrational and
electronic spectra of isomeric PhOH–Arn clusters with nr 4 in
the S0, S1, and D0 states with the following major objectives.
(1) Initially, the structures and interaction energies of neutral
PhOH–Arn isomers are evaluated at the M06-2X/aug-cc-pVTZ
level to establish the most stable structures of each cluster size.
The results will enable us to determine the isomers, which are
populated in the molecular beam and give rise to the experi-
mental IR and UV spectra. These are the ﬁrst quantum
chemical calculations providing reliable information about
the cluster growth sequence in PhOH–Arn up to the size n = 4.
The chosen theoretical level is based on density functional
theory (DFT) and accounts for the important dispersion
forces.51,52 Moreover, it is suﬃciently eﬃcient to explore larger
clusters and it reproduces all available binding energies to
satisfactory accuracy. (2) In a subsequent eﬀort, the S1’ S0
excitation spectra of all relevant isomers are calculated at the
RI-CC2/aug-cc-pVDZ level. The major goal of these calcula-
tions is the conﬁrmation of the empirically established
additivity model for the DS1 origin shifts and to provide a
ﬁrm assignment of these origins to the corresponding cluster
structures. These calculations are supplemented by harmonic
FC simulations of the intermolecular vibrational structure
in S1, which provide further support for the given isomer
assignment. It will be demonstrated that this theoretical level is
suitable to eﬃciently provide a reliable description of the
electronically excited states of these weakly-bound clusters.
(3) Finally, the structures and binding energies of the ionic
PhOH+–Arn isomers are calculated at the M06-2X/aug-cc-pVTZ
level to evaluate the eﬀects of the excess charge on the
intermolecular interactions and the cluster growth sequence.
In particular, we establish an additivity model for the DIP
shifts similar to the one developed recently for DS1. These are
the ﬁrst quantum chemical calculations for the cation clusters
with n = 2–4 and they provide reliable information about
the cluster growth sequence in this size regime. A further
motivation for these calculations is to derive structural assign-
ments for the isomers observed in IR photodissociation
(IRPD) spectra of PhOH+–Arn clusters generated in the EI
source.13 In addition, the results will provide clues about the
PhOH+–Arm product isomers (mr n), which are experimen-
tally observed upon ionisation of the neutral PhOH–Arn
precursors after the isomerisation and fragmentation
processes.6,32,37,41,46
2. Theoretical techniques
The geometric, energetic, and vibrational properties of PhOH–Arn
isomers with n r 4 are determined in the neutral and cationic
ground electronic states (S0, D0) at the M06-2X/aug-cc-pVTZ
level using GAUSSIAN09 (version A.02).53 This DFT func-
tional accounts for dispersion,51,52 which is particularly
important for the interaction between Ar ligands and also
their interaction with the p electrons of the aromatic ring. For
this reason, traditional DFT functionals without dispersion,
such as the popular B3LYP functional, are not suitable.12 On
the other hand, MP2 calculations account for most of the
dispersion energy but severely suﬀer from spin contamination
in calculations of the open-shell PhOH+–Arn cation clusters.
For example, S2  0.754 0.18 is obtained for PhOH+ at the
unrestricted MP2/6-311G(2df,2pd) level. In contrast, the
M06-2X/aug-cc-pVTZ level does not suﬀer from spin contami-
nation (e.g., S2  0.75o 0.03 for PhOH+). It also reproduces
the PhOH–Ar interaction energies in both charge states for
both relevant principal binding sites, namely stacking and
hydrogen bonding, as is evidenced by the satisfactory agree-
ment between calculated and experimental dissociation
energies (Table 1). Moreover, also the experimentally derived
Ar–Ar interaction of De = 99 cm
1 is reproduced with
suﬃcient accuracy at this level (De = 82 cm
1). Thus, the
M06-2X/aug-cc-pVTZ approach provides an eﬃcient but
Table 1 Binding energies (De and D0 in cm
1) for the H-bonded
(H00) and p-bonded (10) isomers of PhOH–Ar in the S0 and D0
electronic states evaluated at various theoretical levels compared to
available experimental data
S0 (H00) S0 (10) D0 (H00) D0 (10)
Exp.a 364  13 B870 535  3
650  150
B3LYP/6-311G**b 444 (D0)
DFT-B97-D/def2-TZVPc 316 (De)
MP2/6-31G*d 332 (De) 83 (De)
MP2/aug-cc-pVDZe 205 (De) 371 (D0)
420 (De)
MP2/6-311G(2df,2pd)f 685 (De) 415 (De)
MP2/6-311++G(3df,2pd)g 493 (D0) 836 (D0)
MP2/CBSg 577 (D0) 836 (D0)
CCSD(T)/CBSh 285 (De) 389 (D0) 946 (De) 542 (D0)
434 (De) 595 (De)
M06-2X/6-311+G(d,p)i 110 (D0) 385 (D0) 557 (D0) 498 (D0)
125 (De) 439 (De) 562 (De) 532 (De)
M06-2X/aug-cc-pVTZi 69 (D0) 317 (D0) 744 (D0) 492 (D0)
158 (De) 382 (De) 805 (De) 571 (De)
RI-CC2/aug-cc-pVDZi 383 (D0) 623 (D0)
j
493 (De) 675 (De)
j
a D0 values from ref. 13, 41 and 47.
b Ref. 16. c Ref. 29. d Ref. 12.
e Ref. 34. f Ref. 15. g Ref. 35. h Ref. 36 and 45. i Present work.
j Including BSSE: De = 432 cm
1, D0 = 394 cm
1.
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reliable tool to evaluate the potential energy surface of larger
PhOH–Arn clusters with satisfactory conﬁdence. In general, all
coordinates are relaxed for the search of stationary points on a
potential energy surface, which is corrected for basis set
superposition error (BSSE). Vibrational analysis is used to
establish the nature of the stationary points as minimum or
transition state. Interaction energies (De) are corrected for
harmonic zero-point energies (ZPE) to yield binding energies
(D0). The O–H stretching frequencies are scaled by a factor of
0.9407 and 0.9452 for the S0 and D0 states to match the
calculated and experimental frequencies of PhOH(+) in the
two electronic states (3658 and 3534 cm1),30,37 respectively.
Evaluation of adiabatic S1 ’ S0 transition energies and
selected properties of the S0 and S1 electronic states is carried
out for all relevant PhOH–Arn isomers using TURBOMOLE
(version 6.1).54 Full geometry optimisation of the S0 and S1
states is performed using the RI-CC2 approach. As a com-
promise between accuracy and computational expense, the
aug-cc-pVDZ basis set is used for all calculations at this level.
The RI-CC2/aug-cc-pVDZ model was shown to provide
reliable transition energies for electronic S1 ’ S0 transitions
of closed-shell aromatic molecules and their clusters with
weakly bound ligands.55,56 All coordinates are relaxed for
the search of stationary points in S0 and S1. Vibrational
frequencies and harmonic ZPE in both electronic states
are calculated from numerical derivatives of the analytical
RI-CC2 gradient to correct the adiabatic S1 ’ S0 transition
energies for ZPE. If not stated otherwise, the RI-CC2 energies
are not corrected for BSSE.
Franck–Condon simulations of the S1’ S0 transitions are
performed using PGOPHER (version 7.1.108).57 The simula-
tions employ harmonic vibrational frequencies and geometries
for the S0 and S1 states obtained from the RI-CC2/aug-cc-pVDZ
calculations. Only intermolecular modes are considered,
because only these are observed in the experimental spectra
discussed here. All FC simulations are carried out for T= 0 K
to establish the assignments of the principal vibrational transi-
tions. This choice is justiﬁed, as the experimental S1 ’ S0
REMPI spectra do not show any hot bands due to the low
vibrational temperature in the molecular beam expansion.
3. Results and discussion
3.1 S0 state
Optimised equilibrium structures of various PhOH–Arn isomers
in the S0 state obtained at the M06-2X/aug-cc-pVTZ level
are shown in Fig. 1. Similar geometries are derived at the
RI-CC2/aug-cc-pVDZ level. The total stabilisation and binding
energies (De and D0) for the process nAr + PhOH -
PhOH–Arn calculated at both levels are listed in Table 2.
Table 1 compares the interaction energies for the H-bonded
and p-bonded isomers of PhOH(+)–Ar with available experi-
mental binding energies and theoretical values obtained pre-
viously at a variety of quantum chemical levels. Signiﬁcantly,
theD0 values derived at the M06-2X/aug-cc-pVTZ level under-
estimate only slightly but systematically the experimental D0
energies in both the neutral and ionic ground electronic state
by 10–20%. This result demonstrates that this level provides a
reliable representation of the PhOH(+)–Ar interaction in the
two charge states for both the stacking and H-bonding motifs.
The agreement between calculated interaction energies De and
measured D0 values is even better, with deviations of less than
8%. Apparently, the ZPE is substantially overestimated using
the harmonic approach for the intermolecular modes, and this
deﬁciency becomes more pronounced for the larger clusters.
For this reason, the theoretical De values are compared to the
measured D0 values in Fig. 3 and throughout the manuscript
(although both values are listed in the tables). As the Ar–Ar
interaction at the M06-2X/aug-cc-pVTZ level is also close to
experiment (82 vs. 99 cm1),58 the M06-2X/aug-cc-pVTZ level
is considered as an eﬃcient but reliable method for describing
the properties of the larger PhOH(+)–Arn clusters with n r 4
in S0 and D0. Closer inspection of Table 1 also reveals that
MP2 calculations with small basis sets strongly underestimate
the stacking interaction in PhOH–Ar, whereas the value at
the CBS limit is far too large when compared to experiment
(D0 = 577 vs. 364 cm
1).
In the following, we discuss the properties of the PhOH–Arn
isomers in the S0 state at the M06-2X level (Fig. 1 and 3a,
Table 2). The p-bonded (10) isomer corresponds to the global
minimum on the potential energy surface of the n = 1
complex, as dispersion forces between Ar and the highly
polarisable p electrons of the aromatic ring dominate the
attraction. The calculated interaction energy of 382 cm1
compares well with the measured value of 364  13 cm1.47
Also, the rotational constants (Ae = 1850 MHz, Be =
1191 MHz, Ce = 970 MHz) are close to the experimental
values (A0 = 1819 MHz, B0 = 1125 MHz, C0 = 918 MHz).
29
The Ar atom is slightly displaced from the centre of the
aromatic ring toward the OH substituent (xe = 0.50 A˚), with
an Ar-ring separation of Re = 3.40 A˚. This separation is
somewhat smaller than the experimental value of R0 = 3.53 A˚,
29
which is partly due to zero-point excursion in the ground
vibrational state (DR E 0.05 A˚).34 The three harmonic inter-
molecular frequencies oi = 33 (bx), 55 (by), and 63 cm
1 (sz)
are signiﬁcantly larger than the calculated fundamental
frequencies estimated at the MP2/aug-cc-pVDZ level (ni =
21, 35, and 45 cm1),34 and the ratio of ni/oiE 0.7 is a suitable
scaling factor to account for anharmonicity.
The planar H-bound (H00) structure with Cs symmetry
is signiﬁcantly less stable than (10), and the nearly linear
H-bond is characterized by De = 158 cm
1, RH–Ar = 2.70 A˚,
yO–H–Ar = 175.61, and an intermolecular stretch frequency of
47 cm1. At present, it is unclear whether (H00) is a
shallow local minimum or a transition state.34,36,45 At the
M06-2X/aug-cc-pVTZ level, (H00) is a minimum with inter-
molecular frequencies of oi = 12, 23, and 47 cm
1. In general,
the geometric and energetic parameters of the H-bound and
p-bound minima are similar to those derived at more sophis-
ticated, state-of-the-art ab initio calculations.34,36
Four principal minimum structures are calculated for
PhOH–Ar2 (Fig. 1, Table 2). The (11) isomer with Cs symmetry
and two equivalent p-bonded Ar ligands is the global
minimum in S0. The total dissociation energy of 757 cm
1
agrees well with the experimental value of B775 cm1.46
Moreover, it is nearly twice the interaction energy of (10),
indicating that there is little interaction in (11) between the two
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Ar ligands located on opposite sides of the PhOH plane. This
view is conﬁrmed by the geometrical parameters. For example,
the Ar-ring separation increases by 0.01 A˚ upon addition of
the second Ar ligand, which is consistent with the experimental
result estimated from the analysis of the rotational constants
(0.02 A˚).29 There is essentially no further shift toward the OH
group (Dxe = 0.02 A˚). The calculated rotational constants
(Ae = 1765 MHz, Be = 495 MHz, Ce = 447 MHz) are
also close to the experimental ones (A0 = 1778 MHz, B0 =
463 MHz, C0 = 421 MHz).
29 The six intermolecular frequencies
of oi/cm
1 = 28 (bxs), 33 (bys), 55 (bxa), 70 (szs), 92 (bya), and
101 (sza) are again substantially larger than available experi-
mental fundamental frequencies (measured in S1).
31,40
The (20) structure shown in Fig. 1 is only a slightly less
stable local minimum, with De = 719 cm
1 (Fig. 3a). It is
characterized by an Ar dimer lying above the aromatic ring,
with one Ar atom binding to the centre of the ring like in (10)
at Re = 3.41 A˚ and xe = 0.43 A˚ and the second Ar ligand
located at Re = 2.68 A˚ above the ﬁve-membered
H–C–C–O–H ring formed by the OH group. The Ar–Ar
distance of 3.7 A˚ in (20) is close to one of the isolated Ar2
dimers. In this (20) structure, Ar2 can maximize the sum of the
dispersion interaction with the aromatic ring and the induction
interaction with the dipole of the OH group. Interestingly, the
M06-2X energy gap between (20) and (11) of B40 cm1 is
much smaller than the one predicted recently at the MP2 level
(B250 cm1).39 For completeness, it is noted that there are a
variety of related (20)-type isomers, which are obtained from
the most stable one shown in Fig. 1 by internal rotation of Ar2
above the aromatic plane (see Fig. S1 in ESIz). These are,
however, B70–120 cm1 less stable than the most stable one
and thus not considered further. The substantial barrier Vb =
165 cm1 between the most stable (20) isomer and the lowest
neighbouring local minimum occurs at a transition state with
Ar above the O atom and prevents facile Ar2 internal rotation
under cold molecular beam conditions. Interestingly, there is a
considerable less stable third type of isomer, namely (H10). Its
dissociation energy of De = 548 cm
1 is close to the sum of
those of (H00) and (10), De = 540 cm
1. The intermolecular
H/p-bonds in (H10) are very similar to those of the corres-
ponding (H00) and (10) dimers due to little interaction
between the two Ar ligands, which are separated by a distance
(6.4 A˚) much larger than the Ar2 equilibrium distance.
Another identiﬁed solvation motif for n = 2 is denoted (11)H
and involves nonlinear bifurcated H-bonding to both equivalent
Ar atoms in a C2v symmetric structure in which the OH group
Table 2 Interaction (De) and binding (D0, in parentheses) energies for various PhOH–Arn isomers in three electronic states evaluated at the
M06-2X/aug-cc-pVTZ and RI-CC2/aug-cc-pVDZ levels compared to available experimental D0 values (in cm
1)
n Isomer
S0 S0 S0 S1 S1 D0 D0
M06-2X Expa RI-CC2 RI-CC2 Expa M06-2X Expa
1 (H00) 158 493 550 805 B870
(69) (383) (437) (744)
(10) 382 364  13 675b 780 397  13 571 535  3
(317) (623b) (692) (492)
2 (H10) 548 1359
(415) (1217)
(20) 719 1265 1331 1338
(500) (1156) (1181) (1132)
(11) 757 775  75 1410 1620 844  75 1097 1115  65
(530) (1285) (1433) (951)
(11)H 465 1384
(257) (1175)
3 (H20) 990 2043
(716) (1697)
(H11) 929 1893
(672) (1632)
(30) 1083 1179  45 1958 1958 1154  45 1671 1730  30
(799) (1770) (1750) (1378)
(21) 1075 2014 2189 1850c
(868) (1842) (1947) (1587)
(21)H 934c 2033
(678) (1726)
4 (H30) 1374 2502
(977) (2048)
(H21) 1339 2495c
(1045) (2194)
(40) 1422 2590 2624 2134
(1024) (2342) (2349) (1786)
(40)T 1313 1924
(1035) (1581)
(31) 1446 2745 2856 2187
(1068) (2489) (2556) (1888)
(22) 1419 2674 2835 2663
(1038) (2424) (2522) (2168)
a Ref. 41, 46, 47 and 62. Experimental binding energies for n= 2 and 3 in S0 and S1 are derived from those measured in D0 by taking experimental
DS1 and DIP shifts into account.
b Including BSSE: De = 432 cm
1, D0 = 394 cm
1. c Transition state (no local minimum found).
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points toward the midpoint of an Ar2 dimer in a T-shaped
fashion. In the S0 state, this isomer is however high in energy
(De = 465 cm
1).
The (30) isomer, in which a nearly symmetrical Ar3 triangle
is attached to the aromatic ring, is the most stable structure of
PhOH–Ar3 (Fig. 1). This structure is derived from the most
stable (20) isomer by adding a third Ar ligand to the second
available binding site near the OH group. The calculated
interaction energy of 1083 cm1 is compatible with the experi-
mental estimate of 1179  45 cm1 (Table 2, Fig. 3a).41 Again,
there are several less stable (30)-type isomers, which can be
obtained by internal rotation of the planar Ar3 triangle above
the aromatic plane. These are, however, less stable and not
considered further because they are not detected experimentally.
For example, the (30) isomer obtained by rotation ofB1801 is
145 cm1 higher in energy than the most stable (30) structure
depicted in Fig. 1. Although the barriers for internal rotation
in (30) were not calculated, they are probably larger than those
between the various (20) minima of PhOH–Ar2, because two
rather than one Ar ligands have to overcome individual local
barriers.
The most stable (21)-type isomer is only slightly less stable
than the most stable (30) isomer, De = 1075 vs. 1083 cm
1.
Again, there are several less stable (21)-type rotamers, which
diﬀer from the one shown in Fig. 1 by the orientation of the
Ar2 unit with respect to the OH group. Similar to the n = 2
complexes, isomers with an H-bonded ligand are less stable for
n= 3, with dissociation energies of 929, 990, and 934 cm1 for
(H11), (H20), and (21)H. Interestingly, whereas (11) is more
stable than (20), the reversed energetic order is observed for
(H11) and (H20) because the latter structure beneﬁts from an
additional Ar–Ar contact.
At this point, it is important to realize that PhOH–Ar3 prefers
solvation on a single side, because (30) is more stable than (21).
This observation is in contrast to PhOH–Ar2, which prefers
solvation on both sides, as (11) is more stable than (20). This
switch in preferred solvation pattern from double-sided to single-
sided complexation upon attachment of the third Ar ligand is due
to the substantial energy gain through the two additional Ar–Ar
interactions, which is larger than the loss in PhOH–Ar inter-
action energy upon moving one Ar atom from above the centre
of the aromatic ring to the less favourable binding site near the
OH group. The analysis of the S1’ S0 REMPI spectra in Fig. 2
presented in Section 3.2 conﬁrms this switching scenario.
As expected from the binding energies of the n= 3 isomers,
the (31) structure shown in Fig. 1 is found to be the most stable
n= 4 isomer, with De = 1446 cm
1. The next stable classes of
isomers are of the types (40), (22), (H30), and (H21) with De =
1422, 1419, 1374, and 1339 cm1, respectively. The most stable
(40) isomer has a nearly planar Ar4 route attached to the
PhOH plane. It is obtained from the most stable (30) isomer by
adding a fourth Ar ligand in such a way that it has two Ar–Ar
bonds and direct contact to PhOH. There are two such isomers
and one is shown in Fig. 1. The isomer with a tetrahedral Ar4
subcluster denoted (40)T is less stable (De = 1313 cm
1),
because the additional Ar–Ar interaction of the fourth Ar
ligand is less favourable than the PhOH–Ar contact above two
CH bonds of PhOH. Interestingly, the relative stability of
isomers with H-bound ligands increases as a function of
cluster size, in particular for structures in which the H-bonded
ligand has contact to out-of-plane Ar ligands attached above
the ring. One such structure is the (H30) isomer shown in
Fig. 1 with De = 1374 cm
1, which is only 72 cm1 less stable
than the (31) global minimum.
In general, dispersion forces dominate the attraction in
neutral PhOH–Arn clusters. As these forces are nearly
additive, the binding energies of the various isomers can be
approximated by pairwise addition of the respective Ar–Ar
and PhOH–Ar interactions. Hence, the most stable isomers
have then structures, which maximize these interactions under
the constraints of steric hindrance and the anisotropy of the
PhOH–Ar dimer potential. To illustrate the degree of additivity,
we mention as an example the energy diﬀerence of (31)
and (30), which is close to the binding energy of (10)
(1446  1083 = 363 E 382 cm1). This near additivity in
the total binding energies leads to a preferential cluster growth
in the order (10), (11), (30), and (31) for n = 1–4, respectively
(Fig. 3). This sequence obtained for the De values at the
M06-2X level exhibits alternation in single- and double-sided
solvation in the small size regime considered (in line with the
REMPI spectra in Fig. 2), although, interestingly, the energic
order of the nearly isoenergetic (30) and (21) isomers is
changed when considering the D0 values at the M06-2X level
(Table 2) or the MP2 level.39 As a general trend, isomers with
H-bound ligands will become more competitive for larger
cluster sizes n because of the additional Ar–Ar interactions
of the H-bonded ligand with further ligands above and below
the ring (Fig. 3a). Thus, the energy gap between (H30) and (31)
of 72 cm1 is much smaller than the one between (30) and
Fig. 3 Interaction energies (De in cm
1) of various isomers of
PhOH(+)–Arn clusters (n r 4, Fig. 1) in the S0 (a) and D0 (b) states
calculated at the M06-2X/aug-cc-pVTZ level. The crosses indicate
available experimental binding energies (Table 2).
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(H11) of 154 cm1 and the one between (10) and (H00) of
224 cm1. For the same reason, isomers with in-plane H-bonds
of Ar ligands to CH protons of PhOH are expected to become
more competitive in the size range beyond the one considered
here (n r 4).34 In general, the cluster growth predicted for
PhOH–Arn by the M06-2X calculations is similar to the one
postulated for the isoelectronic aniline–Arn clusters according
to empirical potential calculations.59,60 This suggested that
cluster growth sequence is also consistent with the O–H
stretching frequencies calculated for (10), (11), (30), and (31).
The predicted complexation-induced redshifts of 2.3, 3.8,
6.4, and 9.6 cm1 are systematically larger but compatible
with the measured shifts of 2, 2, 4, and 5 cm1,
respectively (Table S1 in ESIz).37
3.2 S1 state
The REMPI spectra of the S1’ S0 transition of PhOH–Arn in
Fig. 2 were recorded by two-color soft ionisation to avoid
ionisation-induced fragmentation.37 In general, these spectra
are in good agreement with corresponding spectra reported
previously.27–29,31,33,38–40,61 The spectra are plotted with
respect to S10
0 of PhOH at 36 350 cm1. The positions of
the S1 origins identiﬁed are listed in Table 3, along with the
suggested isomer assignment. The assignments for S10
0 of (10)
and (11) at 34 and 69 cm1 were recently conﬁrmed
unambiguously by rotationally-resolved LIF spectroscopy.29
The low rotational temperature derived from these spectra,
Troto 10 K, suggests that also the vibrational temperature of
the PhOH–Arn clusters is quite low, in line with the absence of
any intermolecular hot bands in the REMPI spectra in Fig. 2.
Thus, all bands in Fig. 2 are attributed to the intermolecular
vibrational structure of isomers in S1. Hole-burning reveals
that the n = 1 and n = 2 spectra are dominated by a single
isomer.31 The S10
0 assignments of (20), (21), (30), and (31) are
mainly based on the empirical additivity model developed
recently.37 Thus, one of the central goals of the present work
has been the conﬁrmation of this tentative isomer assignment
via ab initio methods. To this end, RI-CC2/aug-cc-pVDZ
calculations are carried out, and S1 excitation spectra are
simulated using the FC approximation. The S1 state calcula-
tions considered only the lower-energy isomers of PhOH–Arn,
as identiﬁed by the M06-2X calculations in S0. This strategy
appears to be justiﬁed because of the modest geometrical
changes upon S1 excitation for these structures, as evidenced
by the small S1 shifts (o100 cm1) and the intense S100 transi-
tions in the REMPI spectra in Fig. 2. The RI-CC2/aug-cc-pVDZ
level has been chosen, because it reliably reproduced electronic
transition energies of a variety of aromatic molecules and at
the same time is suﬃciently eﬃcient to aﬀord the exploration
of larger clusters.55 For example, the S1 origin of PhOH is
calculated as 36 359 cm1, which coincides with the experi-
mental value to within 10 cm1. This agreement conﬁrms
that the electronic S1 excitation is adequately described by
the RI-CC2/aug-cc-pVDZ approach.
The additivity model developed on the basis of the experi-
mental data states that the sequential attachment of the ﬁrst,
second, and third p-bonded Ar atoms on the same side of the
aromatic ring induces incremental DS1 shifts of34, +32, and
+25 cm1, respectively.37 As the Ar ligands located on
opposite sides of the ring do essentially not interact with each
other, the total shift is simply the sum of the shifts induced by
Ar ligands below and above the ring.26,60 The predictions of
this model are 34, 68, 2, +23, 36, and 11 cm1 for
(10), (11), (20), (30), (21), and (31), which agree with the
experimental S1 origins to within 1 cm1 (Table 3,
Fig. 4a).37 Thus, three parameters are suﬃcient to predict
the S1 origins of six isomers to within the experimental error.
Within this new model, two new weak S1 origins were
Table 3 DS1 and DIP shifts (in cm
1) calculated for various PhOH–Arn isomers compared to available experimental values and values derived
from the additivity models
n Isomer
DS1 DS1 DS1 DS1 DIP DIP
RI-CC2 RI-CC2 additivityc Expa Exp additivityd M06-2X Expb
0 0 (36359) 0 0 (36350) 0 0 (68426) 0 (68628)
1 (H00) 54 675
(10) 69 69 34 34 175 176
2 (H10) 802
(20) 25 25 2 2 632
(11) 148 138 69 68 421 340
(11)H 918
3 (H20) 982
(H11) 960
(30) +20 +20 +23 +23 579 551
(21) 104 94 37 36 770
(21)H 1049
4 (H30) 1071
(H21) 1150
(40) 7 7 762
(40)T 546
(31) 67 49 12 11 820 680
(22) 98e 50e 1130
a Ref. 37. b Ref. 39–41, 43, 46, 63 and 66, assuming the isomer assignment from ref. 37. c Based on incremental shifts of69, +44, +45, and27 cm1
for single-sided Ar solvation in the n= 1–4 complexes. d Based on incremental shifts of 34, +32, and +25 cm1 for single-sided Ar solvation in
the n= 1–3 complexes. e The strong deviation of the RI-CC2 calculated shift from that predicted by the additivity model is tentatively ascribed to
cooperative interactions between the two Ar ligands which are close to the OH group.
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identiﬁed in the REMPI spectra, namely the ones of (20) and
(21).37 Moreover, the structure of four isomers were tenta-
tively assigned, namely (20), (21), (30), and (31).37
Fig. 4b visualizes the DS1 shifts of PhOH–Arn as obtained
from the RI-CC2 calculations (Table 3). Only the most stable
p-bonded (km) isomers determined at the M06-2X level in S0
are considered. The derived pattern agrees well with the
experimental one in Fig. 4a and fully conﬁrms the isomer
assignments derived from the empirical additivity model. In
the following, we discuss the assignments of the S1 origins in
more detail for each cluster size. At this stage, it is important
to realize that the DS1 shifts upon Ar complexation directly
reﬂect the change in the intermolecular binding energy upon
electronic excitation.
The n= 1 REMPI spectrum is generated by a single isomer,
namely (10), as proven by hole-burning and rotationally-resolved
LIF spectroscopy.29,31 The measured redshift of DS1 =
34 cm1 is typical for p-bonding of Ar to aromatic
molecules.7 The DS1 shift for (10) at RI-CC2/aug-cc-pVDZ
is twice larger (69 cm1), indicating that this level over-
estimates the Ar stacking interaction. Indeed, the (10) binding
energy in S0 determined at the RI-CC2 level (D0 = 623 cm
1)
is almost twice as large as the experimental andM06-2X values
(364 and 317 cm1). A similar observation was previously
noted for the related p-bonded benzaldehydeH+–Ar dimer,
for which RI-CC2/aug-cc-pVDZ also overestimated the mea-
sured DS1 redshift by a similar amount (98 vs. 58 cm1).55
Part of this overestimation is due to the neglect of BSSE in the
RI-CC2 calculations. Test calculations reveal that correction
for BSSE reduces the RI-CC2 binding energy of the (10)
isomer of PhOH–Ar from 623 to 394 cm1. The predicted
changes in the rotational constants of (10) upon S1 excitation
(DAe = 36 MHz, DBe = 39 MHz, DCe = 37 MHz) are
consistent with the experimental values (DA0 = 44 MHz,
DB0 = 24 MHz, DC0 = 23 MHz).
29 The major structural
changes are a slight contraction of the Ar-ring separation
(DRe = 0.09 A˚) and a slight displacement toward the OH
group (Dxe = 0.08 A˚), in line with previous conclusions.
34
For comparison, we attempted also to determine DS1 for the
H-bonded PhOH–Ar structure. However, whereas (H00) is a
local minimum in S0 at both the RI-CC2 and the M06-2X
levels, it is calculated to be a transition state for interconversion
between the two equivalent p-bonded (10) global minima in S1.
The adiabatic transition for (H00) is predicted at DS1 =
54 cm1, i.e. between the S1 origins of PhOH and (10).
Interestingly, the barrier for p- H- p interconversion in S1
of PhOH–Ar is slightly higher than in S0 (by 15 cm
1),
although the OH group is slightly more acidic in S1 leading
to a stronger H-bond. However, the stabilisation of the p-bond
upon S1 excitation due to enhanced dispersion is even larger
and overrides the stabilising eﬀects on the H-bond.
The n = 2 REMPI spectrum is dominated by the (11)
isomer, and the measured DS1 shift of 69 cm1 for the
intense S1 origin is twice that for (10), as expected for two
equivalent Ar ligands attached to opposite sides of the PhOH
ring. This structure is also proven by rotationally-resolved LIF
spectroscopy.29 The calculated DS1 shift of 148 cm1 is also
roughly twice the shift predicted for the (10) dimer
(138 cm1) but again roughly twice the shift measured for
(11) due to overestimation of the stacking interaction. The
predicted changes in the rotational constants of (11) upon S1
excitation (DAe = 24 MHz, DBe = 22 MHz, DCe =
21 MHz) are consistent with the experimental values
(DA0 = 18 MHz, DB0 = 12 MHz, DC0 = 13 MHz).29
Although hole-burning experiments show that most of the
structure in the REMPI spectrum is due to a single isomer,
namely (11), the weak feature at DS1 = 2 cm1 has recently
been suggested as S10
0 of the less stable (20) isomer on the
basis of the empirical additivity model.37 The relative intensity
of this band varies signiﬁcantly with the expansion conditions
in diﬀerent experiments,28,29,31,37,39,40,43,62 supporting its
assignment to a less stable isomer. The calculated blueshift
of +44 cm1 with respect to (10) is in accord with the
experimental value of +32 cm1. The same incremental
blueshift was measured for (20) of isoelectronic aniline–Ar2
Fig. 4 (a) Experimental DS1 shifts of various isomers of PhOH–Arn
(nr 4) with respect to the S1 origin of bare PhOH (n=0) at 36350 cm1.
These band origins can be reproduced to within 1 cm1 by an
additivity model assuming incremental DS1 shifts of 34, +32, and
+25 cm1 for the sequential attachment of the ﬁrst, second, and third
p-bonded Ar atoms on the same side of the aromatic ring. (b) DS1
shifts calculated for various isomers of PhOH–Arn (nr 4) with respect
to the S1 origin of bare PhOH (n= 0) at 36 359 cm
1. These calculated
band origins can be reproduced to within 18 cm1 by an additivity
model assuming incremental DS1 shifts of 69, +44, and +45 cm1
for the sequential attachment of the ﬁrst, second, and third p-bonded
Ar atoms on the same side of the aromatic ring.
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(+32 cm1).60 The intensity ratio for S10
0 of (11) and (20) in
the spectrum in Fig. 2 is B10 and conﬁrms the theo-
retical prediction that the binding energy of (11) is larger (by
B30–40 cm1) than that of (20). Assuming similar ionisation
eﬃciencies for both isomers and the calculated ratios for
the oscillator strengths (0.0233/0.0229) and the FC factors
(0.71/0.33), the S10
0 intensity ratio ofB10/1 observed in Fig. 2
yields a population ratio of 4.6/1 for (11)/(20). There are
several less stable (20)-type isomers, which are obtained from
the most stable (20) structure in Fig. 1 by internal rotation of
the Ar2 unit. However, the REMPI spectrum does not show
any evidence for their population in the molecular beam.
Signiﬁcantly, their calculated S1 origins diﬀer quantitatively
from that of the most stable (20) isomer so that we are
conﬁdent that the one shown in Fig. 1 gives rise to the
experimental signal. For example, DS1 = 25 and 42 cm1
for the two lowest-energy (20) isomers. At this stage, we note
that the predicted energy gap between (11) and (20) at M06-2X
is much smaller than at MP239 (B30 vs. B250 cm1). It is,
however, diﬃcult to judge from the experimental population
ratio which energy diﬀerence is more reliable. Assuming
thermodynamic equilibrium, the observed population ratio
corresponds to eﬀective temperatures of Teﬀ = 28 and
236 K using the M06-2X and MP2 energy gaps, respectively.
From this consideration, the M06-2X energy gap appears to
be more reasonable, because in this case Teﬀ would be closer to
the rotational temperature of Trot E 5 K.
29 It would be quite
useful to conﬁrm the (20) geometry by LIF spectroscopy of the
DS1 = 2 cm1 band at rotational resolution.29 The predicted
rotational constants for (20) are Ae = 1145, Be = 675, and
Ce = 538 MHz, with changes upon S1 excitation of DAe =
+80, DBe = 54, and DCe = 17 MHz. These parameters
are quite diﬀerent from those of the (11) isomer.
According to the empirical additivity model, the intense
S10
0 band with DS1 = +23 cm
1 in the n = 3 REMPI
spectrum was recently assigned to (30), whereas the weak
origin with DS1 = 37 cm1 was newly identiﬁed as (21).37
Indeed, the M06-2X calculations show that (30) is slightly
more stable than (21), although the energetic order changes
when harmonic ZPE corrections are taken into account.
Moreover, the calculated incremental DS1 shifts of +45 cm
1
for (20)- (30) and +44 cm1 for (11)- (21) are consistent
with the corresponding experimental values of +25 and
+32 cm1 and fully support this scenario (see Fig. 4). The
hole-burning spectrum of the n= 3 complex is also compatible
with the existence of these two isomers,31 because burning of
the intense S10
0 band of (30) did not aﬀect the weak signals
attributed to (21).37 PIE and fragmentation spectra from the
DS1 =+23 cm
1 origin also conﬁrm that this band is from an
isomer with only p-bonded ligands, although the exact position
of the Ar ligands could not be determined.41 The same
conclusion was derived from time-resolved IR spectra of the
n = 3 cation prepared by REMPI via the DS1 = +23 cm
1
origin, which convincingly show that p- H isomerisation of
one of the three p-bonded Ar ligands occurs after ionisation.37
Assuming similar ionisation eﬃciencies for both isomers
and the calculated ratios for the electronic transition dipole
moments (0.0238/0.0229) and the FC factors (0.033/0.020), the
S10
0 intensity ratio ofB11/1 in Fig. 2 yields a population ratio
of 6.4/1 for (30)/(21). Assuming Teﬀ = 10 K, this population
ratio translates into an energy gap of 13 cm1 in favour
of (30). This value is compatible with the diﬀerence in the
M06-2X interaction energies of 8 cm1 but seems to be in
conﬂict with the MP2 prediction that (21) is about 110 cm1
more stable than (30).39 As also the RI-CC2 level predicts the
(21) structure to be more stable than (30) one may conclude
that these correlated levels overestimate dispersion and thus
p-bonding to the centre of the ring relative to other binding
sites, leading to a strong preference for double-sided solvation
in neutral PhOH–Arn clusters in the small size regime. As for
(10) and (11),29 rotationally-resolved LIF spectra would be
deﬁnitive in assigning the geometric structures responsible for
the DS1 =+23 and 37 cm1 origins of n= 3. The predicted
rotational constants are Ae = 680, Be = 488, and Ce = 474
MHz for (30), which are rather diﬀerent from those of (21),
Ae = 866, Be = 371, and Ce = 299 MHz.
At this stage it is interesting to note that the n = 2
population in the molecular beam is dominated by the (11)
isomer, whereas the n = 3 population is mainly due to (30).
Although this result is consistent with the thermodynamic
results of the present M06-2X calculations, the nearly quanti-
tative switch from preferential double-sided to single-sided
solvation is striking, and at ﬁrst glance diﬃcult to rationalize
assuming a cluster growth by sequential ligand attachment, i.e.
(10)- (11)- (21). In fact, the latter argument has motivated
a preferential assignment to (21) rather than (30).40,42 How-
ever, due to the high-collision rate in the initial stage of the
molecular beam expansion, frequent ligand exchange reactions
during the three-body collisions required for cluster growth
are readily able to induce a growth sequence involving
(10) - (11) - (21) followed by Ar + (21) - (30) + Ar
ligand exchange, in order to produce the thermodynamically
most stable n = 3 complex.
The empirical additivity model suggests an assignment of
S10
0 with DS1 = 12 cm1 in the n = 4 REMPI spectrum to
(31), which is indeed the most stable isomer in S0 obtained by
the M06-2X calculations. This assignment is fully supported
by the comparison of the experimental and calculated DS1
shift patterns in Fig. 4, which are very much in favour of (31)
rather than the less stable (40) and (22) isomers. The calculated
incremental DS1 shift of +37 cm
1 for (21) - (31) is
compatible with the measured shift of +35 cm1. We note
that our current assignment to (31) revises the recent inter-
pretation as (40).39,43 The (40) assignment is not only in
conﬂict with the MP239 and M06-2X interaction energies but
also with the DS1 additivity pattern in Fig. 4.
The comparison of the FC simulations with the experi-
mental REMPI spectra in Fig. 5 provides further support
for the given isomer assignments. In this ﬁgure, the calculated
S1 origins of the various isomers are shifted to match the
experimental S1 origins. Moreover, the frequency scale of all
calculated spectra is compressed by a single unique factor of
0.752 to account for the large anharmonicity of the inter-
molecular modes. As mentioned in Section 3.1, a scaling factor
of B0.7 is derived from comparison between harmonic and
anharmonic frequencies of (10) in S0. As can be seen from
Fig. 5, there is semi-quantitative agreement between the
experimental and simulated spectra with respect to relative
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positions and intensities, which provides further conﬁdence of
the given isomer assignment and also suggestions for the
vibrational mode assignment. The vibrational assignments
for the intermolecular modes of (10) and (11) are included in
Fig. 5 with the notation adapted from ref. 62. For details of
this assignment we refer to ref. 31, 34, 40 and 62 and Table S2
in ESI.z The normal modes of all other isomers involve Ar
subcluster internal vibrations and thus are more complex. A
detailed analysis of these modes is clearly beyond the scope of
the present work.
In summary, the RI-CC2 calculations for the S1 ’ S0
transition of PhOH–Arn provide a convincing assignment of
the S1 origins observed in experimental REMPI spectra to the
corresponding structural isomers by reproducing the additivity
rule established empirically (Fig. 4, Table 3). Experimentally,
the sequential attachment of the ﬁrst, second, and third
p-bonded Ar atoms on the same side of the aromatic ring
induces incremental DS1 shifts of 34, +32, and +25 cm1,37
while the corresponding RI-CC2 values are 69, +44, and
+45 cm1, respectively. These calculated band origins can be
reproduced to within 18 cm1 by the theoretical additivity
model assuming incremental DS1 shifts of 69, +44, and
+45 cm1 for the sequential attachment of the ﬁrst, second, and
third p-bonded Ar atoms on the same side of the aromatic ring.
Overall, the crude RI-CC2/aug-cc-pVDZ approach provides a
semi-quantitative picture of the transition frequencies of these
weakly bound ﬂoppy molecules, and the degree of agreement
with experiment is satisfactory considering the approximations
involved in this scheme. These include the restrictions of the
RI-CC2 model, the moderate size of the aug-cc-pVDZ basis
set, and the assumption of harmonic zero-point corrections.
The same conclusion holds for the FC simulations. Further-
more, it is noted that the DS1 pattern is quite sensitive to the
Ar binding sites and provides thus a much more solid criterion
for isomer assignments than the delicate evaluation of quan-
tum chemical binding energies for isomers with small energy
diﬀerences. For example, although the relative energetic order
established for various isomers sensitively depends on the way
ZPE is accounted for, the DS1 pattern and resulting additivity
pattern are quite robust against ZPE corrections (Fig. 5 and
Fig. S2 in ESIz), because DS1 shifts result from energy
diﬀerences in two diﬀerent states and thus large ZPE eﬀects
may readily cancel.
In an eﬀort to rationalize the direction of the incremental
DS1 shifts, the p (HOMO) and p* (LUMO) orbitals involved
in S1 ’ S0 excitation of PhOH are considered in Fig. 6. S1
excitation reduces the electron density in the centre above the
aromatic ring and allows for a closer approach of the
Fig. 5 Harmonic Franck–Condon simulations of the S1 ’ S0 transitions of various isomers of PhOH–Arn with n = 1–4 (Fig. 1) at the
RI-CC2/aug-cc-pVDZ level compared to experimental spectra (Fig. 2). The frequency scale of all calculated spectra is compressed by a factor of
0.752 and shifted to match experimental and calculated S1 origins. Experimental S1 origins are indicated by ﬁlled circles (Table 3). Vibrational
assignments of intermolecular modes indicated for (10) and (11) are listed in Table S2 in ESI.z
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Ar ligand in (10) and (11) due to reduced Pauli repulsion. At
the same time, the extended p electron density increases its
polarisability and the resulting dispersion attraction. Both
eﬀects increase the binding energy of PhOH–Ar in the (10)
conﬁguration upon S1 excitation leading to an S1 redshift.
On the other hand, the second and third Ar ligands in (20)
and (30) attached above the OH moiety experience enhanced
Pauli repulsion in S1 due to higher p electron density in this
region, and the reduced interaction induces incremental S1
blueshifts.
3.3 D0 state
Optimised equilibrium structures of various isomers of
PhOH+–Arn in theD0 state obtained at theM06-2X/aug-cc-pVTZ
level are shown in Fig. 1, and the total stabilisation energies
are listed in Table 2 and visualized in Fig. 3b. The agreement
between the binding energies calculated for the H-bonded
(H00) and p-bonded (10) isomers of PhOH+–Ar and the
measured dissociation energies conﬁrms the suitability of this
approach for a reliable description of both interaction motifs
for the PhOH+–Ar cation.
The planar H-bound (H00) structure with Cs symmetry
corresponds to the global minimum of the PhOH+–Ar potential,
as induction forces provide a major contribution to the
attraction. The nearly linear H-bond is about four times
stronger than that for neutral PhOH–Ar and characterized
by De = 805 cm
1, RH–Ar = 2.35 A˚, yO–H–Ar = 178.61, and an
intermolecular stretch frequency of 85 cm1. The calculated
binding energy is in the range of recent experimental values
estimated from PIE and MATI studies of PhOH+–Arn
with n = 2 and 3 (D0 E 870 and B905 cm
1).41,46 These
values are probably more reliable than the earlier estimate of
650  150 cm1 based on the analysis of IRPD spectroscopy
of PhOH+–Arn clusters.
13
The p-bonded (10) local minimum is signiﬁcantly less stable
than (H00). The calculated interaction energy of 571 cm1
agrees well with the measured binding energy of 535 
3 cm1.47 Ionisation increases the interaction strength by
189 cm1 (B50%), leading to a contraction of the Ar-ring
separation from 3.40 to 3.28 A˚ and an increase in the inter-
molecular stretch frequency from 63 to 78 cm1. Moreover,
the Ar atom is much more displaced from the centre of the
aromatic ring toward the OH group in theD0 state (xe = 1.24 A˚)
as compared to S0 and S1, consistent with the extended FC
progression of the corresponding bx bending mode in the
photoelectron spectra.40 In fact, the Ar atom in (10) is inter-
acting closely with the C1 atom of the COH unit, in line with
high level ab initio calculations.45 The harmonic intermolecular
frequencies of 33, 50, and 78 cm1 are larger than the
experimentally assigned fundamental frequencies of 15, 25,
and 66 cm1,40 mainly due to anharmonicity eﬀects, which are
larger for the bending than the stretching modes.
The ionisation-induced p - H switch in the preferred
PhOH–Ar interaction motif as well as the ionisation-induced
structural changes in the geometry of the (10) isomer may be
rationalized by analysing the atomic charge distributions of
PhOH and PhOH+ shown in Fig. 7, which result from the
natural bond orbital (NBO) analysis at the M06-2X level.
Ionisation increases the positive partial charge on the C1 atom
of the COH group, which explains the substantial shift of Ar
from the centre of the ring toward C1 upon ionisation of (10)
and the concurrent increase in the interaction energy. The
cation features also high positive partial charge on the ﬁve-
membered H–C–C–O–H ring (+0.49 e) leading to strong
attraction of Ar atoms located above this ring. Also the OH
proton carries high positive partial charge in PhOH+, leading
Fig. 6 HOMO (p) and LUMO (p*) orbitals of PhOH involved
in S1 ’ S0 excitation of PhOH–Arn clusters derived from
RI-CC2/aug-cc-pVDZ calculations.
Fig. 7 (left) NBO atomic charges (in units of e) for PhOH and PhOH+ in the S0 (top) andD0 (bottom) states evaluated at theM06-2X/aug-cc-pVTZ
level. (right) Diﬀerence in NBO charges (in units of 0.001 e) of PhOH in the ionic and neutral ground state, Dq = q(D0)  q(S0).
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to substantial stabilisation of the H-bond of (H00) in the
D0 state.
The interaction energies calculated for the two most stable
n = 2 isomers (11)H and (H10) shown in Fig. 1 are quite
similar, De = 1384 and 1359 cm
1. The energetic order is in
fact reversed when ZPE is taken into account, D0 = 1175 and
1217 cm1. The (H10) isomer features a nearly linear
H-bonded Ar ligand and a p-bonded ligand above C1. As
the two intermolecular bonds are similar to those in (H00) and
(10), the total interaction energy in (H10) is nearly the sum of
the two individual bond energies. In the (11)H isomer with Cs
symmetry, the acidic OH proton binds to the centre of the Ar2
bond in a perpendicular fashion, leading to a bifurcated
binding motif with two highly nonlinear O–H–Ar bonds
(RH–Ar = 2.57 A˚, yO–H–Ar = 134.71). These are substantially
longer than the nearly linear H-bond in (H00). Nonetheless,
the (11)H structure is signiﬁcantly stabilised by the interaction
of both Ar ligands with the nearby high positive partial charge
of the OH proton. While this isomer is high in energy for
neutral PhOH–Ar2, it becomes competitive in energy with the
strongly bound (H00) cluster in the ionic D0 state. Also the
most stable (20)-type isomer of the cation withDe = 1338 cm
1
is quite low in energy. It has the same Ar2 orientation as in the
S0 state and other (20) isomers are less stable by at least
300 cm1 (Fig. S3 in ESIz). Moreover, the barriers for internal
rotation of the Ar2 unit are much higher in the ionic cluster.
For example, the barrier amounts to Vb = 527 cm
1 for
internal rotation toward the neighbouring local minimum via a
transition state with Ar above the O atom. The (20) cation is
also stabilised by the strong attraction of the second Ar ligand
with the nearby proton. When compared to (H10), the loss in
energy in (20) induced by the large deviation of the H-bond to
the ﬁrst Ar ligand from linearity is largely compensated for by
gain through the additional Ar–Ar contact. The considerably
less stable (11) isomer of PhOH+–Ar2 is observed by REMPI
of neutral (11), and its measured dissociation energy of D0 E
1115 cm1 is close to the predicted value (De = 1097 cm
1).
The latter one is slightly less than twice the (10) binding energy
(571 cm1), indicating that the equivalent intermolecular
p-bonds in (11) are slightly weaker and longer (by 0.02 A˚)
than those in (10).
The predicted interaction energies for the two most stable
n=3 isomers (H20) and (21)H are almost identical,De = 2043
and 2033 cm1, and the energetic order is again reversed when
ZPE is taken into account, D0 = 1697 and 1726 cm
1. These
structures have two Ar ligands close to the OH proton
and thus are signiﬁcantly more stable than (H11) with De =
1893 cm1. The latter value is close to the sum of the (H00)
and (11) binding energies (1902 cm1), consistent with the
small interaction between the p-bonded and H-bonded Ar
ligands in (H11). Even higher in energy are the (30) and (21)
isomers because they feature only p-bonded ligands. The (30)
isomer is observed in the REMPI experiments, and its calcu-
lated dissociation energy (1671 cm1) is close to the measured
value (1730 30 cm1).41 As the (21) minimum is quite ﬂat, no
real minimum could be localized, probably due to a very low
barrier for isomerization toward (H11).
The most stable PhOH+–Ar4 isomer is (22) with De =
2663 cm1 (Cs symmetry), followed by (H30) and (H21) with
De = 2502 and 2495 cm
1, respectively. As the (H21) minimum
is quite ﬂat, no real minimum could be localized, probably due
to a very low barrier for isomerization toward (22). All these
n = 4 isomers feature strong interactions with the OH proton.
The (31) isomer observed in the REMPI experiments is signiﬁ-
cantly less stable with De = 2187 cm
1. Even higher in energy
are (40) and (40)T featuring single-sided ring solvation without
strong Ar interactions with the OH proton.
The adiabatic ionisation potentials for the various
PhOH–Arn isomers are compared to available experimental
values in Table 3 and Fig. 8. Similar to DS1, the DIP shifts
induced by Ar complexation directly reﬂect the change in the
intermolecular interaction energy upon ionisation. The experi-
mental IP of PhOH (68 628 cm1)63 is well reproduced
(to within 0.3%) by the M06-2X calculations (68 426 cm1),
indicating that this level is adequate to describe the ionisation
process of the bare aromatic molecule by removal of the p
electron from the HOMO.
The DIP shift predicted for (10) matches the measured
value of 176 cm1 and reﬂects the substantial increase in
p-interaction upon ionisation due to additional charge-
induced dipole attraction (by B50%). In contrast, the pre-
dicted DIP for (H00) is much larger (675 cm1), indicative of
the strong intermolecular H-bond in the D0 state. As expected
from DS1, the DIP shifts for (11) and (H10) are nearly additive,
Fig. 8 (a) Experimental DIP shifts of various isomers of PhOH–Arn
(nr 4) with respect to the IP of bare PhOH (n=0) at 68 628 cm1. (b)
DIP shifts calculated for various isomers of PhOH–Arn (n r 4) with
respect to the IP of bare PhOH (n = 0) at 68 426 cm1.
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and the shift predicted for (11) is compatible with the measured
shift (421 vs. 340 cm1). Interestingly, DIP for (20) is signiﬁ-
cantly larger than for the (11) isomer (632 vs. 421 cm1).
This result is in line with the fact that (20) is more stable than
(11) in the D0 state, whereas the energetic order is reversed in
S0. Thus, (20) is largely stabilised upon ionisation by the
strong interaction of the second Ar ligand with the nearby
OH proton (Fig. 1). Interestingly, the stabilisation of (11)H
upon ionisation is largest of all n = 2 isomers investigated,
namely DIP = 918 cm1, because two Ar ligands are close to
the nearby proton.
In contrast to the DS1 shifts, the experimental DIP shifts are
less sensitive to the exact location of the p-bonded ligands.
This trend can be extracted from the measured and calculated
DIP plots in Fig. 8a and b, which show a nearly linear
dependence as a function of n. This observation indicates that
the additional charge-induced dipole attraction in the D0 state
is relatively insensitive to the Ar position above the aromatic
ring. This result is true for isomers with and without H-bound
ligands, (Hkm) and (km). The slope is slightly smaller for
(Hkm) than for (km), a typical eﬀect observed for interior ion
solvation by surrounding inert ligands.4,48,64,65 The measured
slope for (km) of 174 cm1 per ligand agrees well with the
calculated one of 201 cm1 per ligand. In particular, the
predicted DIP shifts for (30) and (31), 579 and 820 cm1,
are consistent with the measured values of 551 and
680 cm1, supporting the given isomer assignments. The
slope of B150 cm1 per p-bonded ligand along the (Hkm)
series is 25 cm1 smaller than the one for the (km) series owing
to the above-mentioned noncooperative nonadditive eﬀects of
the induction forces for interior ion solvation. As a rough rule,
addition of a p-bonded ligand above the ring reduces the
calculated IP by 200 cm1 in the size range considered (nr 4),
whereas an additional H-bonded Ar ligand reduces it by
500–700 cm1. While this trend for p-bonded ligands is
conﬁrmed by the experimental data for (km) isomers of
PhOH–Arn, no directly measured value exists for DIP of any
(Hkm) isomer. The experimental value for DIP of (H00) can
however be estimated from the diﬀerence of the binding
energies of (H00) in the S0 and D0 states, according
to D0(S0)  DIP = D0(D0). As D0(D0) was measured as
B870 cm1,41 and D0(S0) must be smaller than the binding
energy of (10) in S0 (364 cm
1), the experimental value for DIP
of (H00) lies in the range between 870 and 506 cm1,
leading to a value of 688  182 cm1 consistent with the
prediction of675 cm1. Inspection of Fig. 8b actually reveals
that the slope resulting from DIP of (20) and (22) of 290 cm1
per ligand is much larger than those of the (km) and (Hkm)
series. This result is attributed to the large additional stabilising
eﬀect of the strong interaction of the Ar ligands with the
nearby OH proton in the D0 state of these isomers, which is
however still smaller than that for a linearly H-bonded ligand.
The predictions in Fig. 8b allow for the following conclusions.
(1) Comparison with Fig. 8a conﬁrms the assignments for (10),
(11), (30), and (31) developed from the additivity model for
DS1. (2) Predictions for the DIP shifts are provided for (20)
and (21). These isomers are produced in the molecular beam
and identiﬁed by weak S1 origins in the REMPI spectra in
Fig. 2. However, no photoionisation spectra have been
reported yet, although the IP values extracted from such
spectra would be valuable probes for their structural
assignments.
Fig. 9 compares the O–H stretch frequencies (nOH) of the
most stable isomers PhOH+–Arn isomers calculated at the
M06-2X level with the corresponding experimental values
derived from IRPD spectra of clusters generated in the EI
source (Table 4).13 The widths of the experimental nOH bands
are between 10 and 15 cm1, providing limits for the error bars
on the fundamental frequencies. H-bonding induces a signiﬁ-
cant redshift (B70 cm1), whereas p-bonding causes small
incremental blueshifts of a few cm1, and close agreement
between experimental and calculated frequencies is observed.
Interestingly, nOH of (11)H is similar to that of (H10),
Fig. 9 O–H stretch frequencies (nOH) of the most stable isomers of
PhOH+–Arn calculated at the M06-2X/aug-cc-pVTZ level compared
with the corresponding experimental values derived from IRPD
spectra of clusters generated in the EI source (Table 4).13 The widths
of the experimental bands vary between 10 and 15 cm1.
Table 4 O–H stretch frequencies (nOH in cm
1) of selected
PhOH+–Arn isomers calculated at the M06-2X level compared to
available experimental values
n Expa M06-2X Isomer
0 3534 3534
1 3463 3462 (H00)
3536 3540 (10)
2 3467 3470 (H10)
3471 (11)H
3537 (11)
3560 (20)
3 3470 3476 (H11)
3485 (H20)
3485 (21)H
3549 (30)
3560 (21)
4 3475 3485 (H30)
3489 (22)
3478 (H21)
3531 (40)
3533 (40)T
3534 (31)
5 3477
a Ref. 13. The widths of the experimental bands vary between 10 and
15 cm1.
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indicating that the DnOH redshift induced by a single
H-bonded ligand is similar to that induced by two bifurcated
H-bonds to the two Ar ligands in (11)H. As both n= 2 isomers
have similar nOH frequencies and dissociation energies, they
probably contribute to both the experimental IRPD spectra.
The same conclusion holds for the n = 3 isomers (H20),
(H11), and (21)H and also the corresponding n = 4 species.
Thus the IRPD spectra are consistent with a cluster growth
with two types of isomers in which an initial (H00) or (11)H
cation cluster core is further solvated by p-bonded ligands.
The results of the current work enable us to suggest cluster
structures involved in the previous ionisation, isomerisation,
and fragmentation experiments of PhOH–Arn.
6,32,37,41,46,47,50,62
REMPI of neutral (10) generates (10) in the cationic state,
which can subsequently isomerise toward the more stable
(H00) isomer on the ps timescale (as was shown for
PhOH+–Kr)50 and dissociate into PhOH+ + Ar at the
ionisation excess energy of Eexc = 535  3 cm1.47 REMPI
of neutral (11) produces (11) in the D0 state, which undergoes
isomerisation toward the more stable (H10) or (11)H isomers
with a time constant of 7 ps.6,32 This isomerisation process
releases about B300 cm1 into intermolecular degrees of
freedom and can then lead to dissociation into (H00) + Ar
already at Eexc E 200 cm
1 or into PhOH+ + 2Ar at
EexcE 1115 cm
1.46 REMPI of neutral (30) produces an ionic
(30) cluster, which can isomerise quickly, for example, to
(H20) on a timescale of less than 3 ps. This process releases
also B300–400 cm1 internal energy into the cluster, which
enables at Eexc E 200, B900, and B1700 cm
1 dissociation
into (H10), (H00), and PhOH+ by loss of one, two, and three
Ar ligands, respectively.41
4. Concluding remarks
The structures and binding energies of neutral and ionic
PhOH(+)–Arn isomers with n r 4 have been investigated in
the ground electronic states at the M06-2X/aug-cc-pVTZ level.
This level was shown to reproduce the diﬀerent types of
intermolecular interactions present in these benchmark
clusters to satisfactory accuracy. Dispersion forces dominate
the attraction in neutral PhOH–Arn and thus p-bonding is
more stable than H-bonding, leading to a preferred solvation
sequence derived as (10), (11), (30), and (31) for n r 4, which
is in line with the experimental REMPI and IR spectra.
Signiﬁcantly, the energy gap between clusters with and with-
out H-bonded ligands decreases with increasing cluster size.
The solvation sequence predicted recently at the MP2 level39 is
diﬀerent from that at the M06-2X level and apparently not
compatible with the experimental data, possibly due to over-
estimation of dispersion at the MP2 level. The S1 ’ S0
excitation spectra of PhOH–Arn have successfully been inter-
preted with calculations at the RI-CC2/aug-cc-pVDZ level.
These calculations fully conﬁrm the isomer assignments by
convincingly reproducing the pattern of the strongly isomer-
dependent DS1 origin shifts of the clusters and their inter-
molecular vibrational structure by means of FC simulations.
The directions of the incremental DS1 shifts are rationalized by
the shape of the HOMO and LUMO orbitals of PhOH
involved in S1 ’ S0 excitation. Both H-bonding and the
p-interaction slightly increase upon S1 excitation, owing to
the enhanced acidity of the OH group and increased polari-
sability of the aromatic p-electron system. In the PhOH+–Arn
cations, H-bonds are signiﬁcantly stronger than p-bonds due
to additional induction forces, leading to a p - H switch in
the preferred interaction motif upon ionisation. Two competing
solvation sequences are suggested by the M06-2X calculations,
namely the formation of either a H-bonded (H00) dimer core
or a (11)H trimer core, which are further solvated by p-bonded
ligands in larger clusters. Both cluster growth sequences are
compatible with the experimental IRPD spectra in the O–H
stretch range. The predicted DIP shifts follow structural
additivity rules, similar to the ones determined for DS1. The
consequences of the p - H switch triggered by ionisation on
the isomerisation and fragmentation processes of PhOH(+)–Arn
are discussed in the light of the new structural and energetic
cluster parameters.
The following future directions emerge from the present
study. The isomer assignments for the S1 origins of (20), (30),
(21), and (31) may unambiguously be conﬁrmed by rotationally-
resolved LIF spectroscopy. Similarly, the DIP shifts predicted
for (20) and (21) may be used to verify their structural
assignments by photoionisation spectroscopy (e.g., PIE,
MATI). In addition, high-level calculations are desired to
conﬁrm the present identiﬁcation of the interesting (11)H
binding motif featuring two bifurcated OH–Ar hydrogen
bonds as structural element in PhOH+–Arn clusters, which
can thermodynamically compete with the linear OH–Ar bond.
The M06-2X/aug-cc-pVTZ level has been identiﬁed as eﬃcient
and promising model chemistry for scanning in detail the
potential energy surfaces of small PhOH+–Rgn cation clusters,
which are required as input for multi-dimensional FC simula-
tions of the intermolecular vibrational structure observed in
their photoionisation spectra as well as simulations of the
dynamical isomerisation and fragmentation processes triggered
by ionisation of this fundamental type of clusters. For example,
both the energetics and dynamics of the p- H isomerisation
process will strongly depend on the involved isomeric structure.
To this end, the two n = 2 isomers (11) and (20) constitute
simple systems to investigate in future these isomer-dependent
dynamical processes at the molecular level.
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